The invasive weed Rumex confertus Willd. (mossy sorrel) is fed upon and severely defoliated by Gastrophysa viridula Deg. (dock leaf beetle). We report volatile organic compound (VOC) induction when one leaf on R. confertus was damaged by G. viridula adults to better understand plant responses to herbivory. The R. confertus volatile blend induced by G. viridula feeding included three green leaf volatiles (GLVs; (Z)-3-hexenal, (Z)-3-hexen-1-ol, (Z)-3-hexen-1-yl acetate) and terpenes (linalool, ß-caryophyllene, ß-farnesene). Overall, R. confertus that had been damaged by G. viridula released far greater concentrations of these six VOCs than control plants. Male and female of G. viridula had no significant attraction or repulsion to (Z)-3-hexen-1-ol or ß-caryophyllene. A significantly greater proportion of female and male beetles were attracted to (Z)-3-hexenal (5 ngmin -1 = 300 nghr -1
Introduction
Plants are attacked by many herbivorous insects (Thaler et al., 2002) , as almost half of described insect species are herbivorous (Schoonhoven et al., 2005) . However, plants are not merely passive to the attack of herbivores. In response to herbivory plants evolved many defences to protect themselves (Baldwin et al., 2001; Schoonhoven et al., 2005) . One mechanism of plant defence is induction of volatile organic compounds (VOCs), which can directly deter herbivores (De Moraes et al., 2001) or indirectly act by attracting natural enemies of the herbivore (Heil, 2008) . It is thought that VOC induction helps reduce herbivory to an injured plant and help fitness (compared to non-VOC emitting injured plants), though the ecological consequences of VOC induction are complex (Dicke & Baldwin, 2010) .
One group of plants with strong habitat expansion and high population growth characteristics are dock and sorrel weeds, Rumex spp., due to very high seed numbers (Cavers & Harper, 1964) . These weedy invasive plants are harmful because they degrade their habitats and locally dominate or even replace native plants. Also, Rumex spp. can reduce the quantity and quality of cattle fodder in fields, having economic consequences. One invasive weed species of interest is mossy sorrel, R. confertus, which has a rapid rate of spread.
Thus, a search for potential biological control agents exists for R. confertus (Martinkova & Honek, 2004) . The most damaging phytophagous insect occurring on R. confertus is the dock leaf beetle, Gastrophsa viridula L. (Chrysomelidae) (Martinova & Honek, 2004) . Adults, but especially the larvae, can completely defoliate dock plants when at high densities (Honek et al., 2003 , Piesik & Wenda-Piesik, 2005 . Due to having few predators, feeding specialization on the target weed, and a short life cycle, G. viridula is considered an excellent biological control candidate for R. confertus.
In the present study, we identified VOCs induced in R. confertus by G. viridula herbivory. Subsequently, we used y-tube behavioural experiments to test dose response of G. viridula to two green leaf volatiles (GLVs) and three terpenes that were induced by R. confertus, where each VOC was tested individually. Determining VOCs induced by R. confertus from G. viridula herbivory and how G. viridula responses to induced VOCs can help in the study of direct and indirect R. confertus defences, and can contribute to an improved understanding of a plant-insect interaction involving an invasive weed and a potential biological control agent.
Material and methods

Plant culture
Experiments were performed at the Plant Growth Center -PGC, (University of Technology and Life Sciences, Bydgoszcz, Poland) in 2010.
R. confertus plants were planted in a greenhouse with supplemental light and ambient humidity. The photoperiod was 16L:8D. Daytime temperature was 22±2°C and the overnight temperature was 18±2°C. Thirty plants were dug up and transplanted into sterilized soil with one plant/pot at the PGC, and were randomly assigned as herbivory or control uninjured plants in our VOC induction experiment.
Leaf herbivory
One leaf of each plant was put into a plastic cylinder (20 cm long, 6 cm diameter). On the top and bottom of the plastic cylinder, two holes were made to surround the inserted leaf petiole. One male-female (collected 'in copula') pair of newly-emerged G. viridula adults was introduced in each cylinder. Herbivory treatment plants had one leaf subjected to feeding for 24 hr, while control uninjured plants received a plastic cylinder on one leaf with no beetles for the same duration.
Volatile collection system
Volatiles were collected simultaneously from Nalophan (odour and taste-free cooking bags made of a plastic film resistant in the temperature range from -60°C to +220°C) from the single enclosed leaf on each R. confertus plant. The apparatus allowed the collection of odours from 4 plants at the same time, and each collection period lasted 3 hr (from 10 a.m. to 1 p.m.). Thus, 8 days were required (collections occurred from two empty Nalophan bags for a total of 32 measurements), and treatment plants were randomly assigned across collection days. A volatile collector trap (6.35-mm-OD (outside diameter), 76-mm-long glass tube; Analytical Research Systems, Inc., Gainesville, Florida, USA) containing 30 mg of Super-Q (Alltech Associates, Inc., Deerfield, Illinois, USA) adsorbent was inserted into each of 4 Tygon tubes (connection between airflow meter and collector trap). Purified, humidified air was delivered at a rate of 1.0 l·min -1 over the plants, and a vacuum pump sucked 20 % less (0.8 l·min -1 (three hr collections sequence).
Analytical methods
Plant VOCs. Volatiles were eluted from the Super-Q collection trap with 225 µl of hexane containing 7 ng of decane as an internal standard. Volatiles were analyzed by coupled gas chromatography-mass spectrometry (GC-MS). The compounds were ordered on the chromatogram by their retention time (Fig. 1) . A GC Perkin Elmer AutoSystem XL was fitted with a 30-m DB-5MS capillary column (0.25-mm-ID, 0.25 µm film thickness; Restek, Bellefonte, PA, USA). The temperature program increased the chromatography oven temperature from 40ºC to 200ºC at 5ºC·min -1 . Plant volatile identification was verified with authentic standards (Sigma-Aldrich, St. Louis, MO, USA) that had the same GC retention times and mass spectra. Peaks were integrated directly from the GC-chromatogram, and compared to the internal standard peak to determine concentrations.
Analytical methods: Insect behaviour
There were six VOCs chosen for Y -tube experiments; three GLVs ((Z)-3-hexenal = (Z)-HAL, (Z)-3-hexenol = (Z)-3-HOL, (Z)-3-hexen-1-yl acetate) = (Z)-3-HAC), and three terpenes (linalool = LIN, ß-caryophyllene = ß-CAR, ß-farnesene = ß-FAR). All six of these VOCs were significantly induced by an injured R. confertus leaf after G. viridula herbivory. The Y-tube system used was similar to that described by Piesik et al. (2008) . To screen behavioural activity of the volatile compounds identified from R. confertus, commercially available compounds (Sigma-Aldrich Chemical Co. Inc.) were tested at four concentrations (1, 5, 25, 125 ng·min -1 ) and compared to the absence (0 ng·min -1 ) of each compound. We used ng·min -1 because behavioral trials lasted on the scale of min, not hr. Twenty G. viridula adults were used of each sex for each concentration of all tested compounds, involved newly emerged adults ≤ 1 d old, and each insect was tested once.
Statistical analyses
None of the six VOCs collected from R. confertus leaves were detected from collections of Nalophan bags alone.
Two sample t-tests (19 df) not assuming equal variances between the injury and control treatments were conducted for each VOC using MS Excel 2003 (data analysis option).
With the behavioural response data, an initial G-test of independence was performed on pooled count data for both sexes and analyzed across the five test doses (0, 1, 5, 25, and 125 ng·min -1 ) of individuals that went to the compound side or the side with hexane solvent alone. After this, separate G-tests were performed to examine whether female and/or male G. viridula had significant dose responses to each compound. Finally, individual chi-square tests for small sample sizes (Sokal and Rohlf, 1995) were performed for each sex at each dose for each compound against an expected 10:10 ratio (if choosing an arm is independent of the presence of a VOC). Frequency data analyses were performed using the statistical package SAS 9.2 (SAS Institute, 2007).
Results and discussion
3.1
We identified six VOCs released by an injured R. confertus leaf after G. viridula herbivory. These were three GLVs ((Z)-3-HAL, (Z)-3-HOL, (Z)-3-HAC) and three terpenes (LIN, ß-CAR, ß-FAR (R/S enantiomers not identified)) (Fig. 1) . Injured R. confertus leaves released significantly much higher concentrations (> 66x) of each VOC relative to uninjured control leaves (Fig. 2) . The control plants produced small or undetectable (given equipment limitations) amounts of these six VOCs (Fig. 2) . Beetle behaviour in Y-tube. No significant female or male G. viridula attraction or repellence occurred with (Z)-3-HOL (Table 1) . No significant doses responses were detected for ß-CAR with pooled data of both sexes as well as females alone, while males alone had a significant dose response; however, no significant male attraction or repellence was detected at any ß-CAR dose (Table 1 ). Yet, (Z)-3-HAL, (Z)-3-HAC, LIN, and ß-FAR had significant dose responses (Table 1) . Females and males were attracted to low concentrations (1 and 5 ng·min -1 ) of (Z)-3-HAL and (Z)-3-HAC. In contrast, both females and males were repelled by the y-tube arm that had the highest dose (125 ng·min -1 ) of (Z)-3-HAL, (Z)-3-HAC, ß-FAR (also 25 ng·min -1 ), and LIN (Table 1) .
3.2
Six VOCs were induced ≥ 66x by R. confertus after G. viridula herbivory on a single leaf. Two GLVs ((Z)-3-HAL and (Z)-3-HAC) and one terpene (LIN) had quantitative induction after injury, while a third GLV ((Z)-3-HOL) and the other two terpenes (ß-CAR and ß-FAR) had essentially qualitative induction (concentrations of controls not significantly distinguishable from zero). VOCs may be involved in direct and indirect plant defences against herbivores or pathogens ( Dudareva et al., 2006; Thompson & Goggin, 2006; Shiojiri & Karban, 2008) . The six VOCs detected in our study are among commonly induced GLVs and terpenes after insect herbivory on other plants (Dudareva et al., 2006) . Farag & Paré (2002) demonstrated that tomato plants (Lycopersicon esculentum) with insect feeding released both locally and systemically elevated levels of GLVs and other VOCs. Also, Engelberth et al. (2004) showed that GLVs prime corn plant defences against herbivorous insects.
Subsequent testing showed that herbivorous G. viridula had little or no response to (Z)-3-HOL and (E)-ß-CAR. In contrast, both sexes of G. viridula were attracted to a concentration (5 ng·min -1 = 300 ng·hr -1 ) of (Z)-3-HAL and (Z)-3-HAC that was at the same scale as the emitted concentrations measured from single injured R. confertus leaves. This suggests that G. viridula might use GLVs from injured leaves to find lightly injured (single leaf) host plants, perhaps to aid with food and mate searching. However, at a much higher concentration (125 ng·min -1 = 7500 ng·hr -1 ) of (Z)-3-HAL, (Z)-3-HAC, and the terpenes LIN and (E)-ß-FAR, G. viridula were repelled by (or avoided) those VOCs under y-tube choice conditions. The G. viridula orientation results to each single VOC closely match those of a congeneric specialist R. confertus herbivore, G. polygoni (Piesik et al. In Review) , except only G. viridula was repelled by the highest LIN dose. The trend with these two beetle congeners suggests that individuals would avoid highly injured plants in the field, since it would take many injured leaves on a plant to reach such a concentration, which would need to be tested. Also, both Gastrophysa spp. might respond to R. confertus VOCs induced by conspecific herbivory similarly as that from a congener, requiring field testing.
Insect attraction to plant induced VOCs after herbivory might be helpful in developing a lure to monitor field production. Dose responses are needed to suggest which concentrations might work best with such field lures. Bruce et al. (2005) noticed insect exposure to blends of compounds in the same ratios as those produced by plants might be required for attraction or repellency. Our approach differed by examining responses of herbivores to each VOC separately. Further investigation is needed using complete R. confertus induced VOC bouquets and various mixtures of 2 + VOCs for responses from herbivorous Gastrophysa spp. orientation responses. This work can be used to suggest which field VOC lures could be used to draw biological control agents to target weed plants at initial releases, or draw individuals to bad weed infestations using VOCs once an agent has become established. Yet, understanding how other herbivores and herbivore natural enemies are attracted/repelled by plant induced VOCs in the field is needed to provide a more complete ecological understanding of the importance of VOC induction as relates to herbivory (Ninkovic et al., 2003 , Cook et al., 2007 , Dicke & Baldwin, 2010 . 
